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We discuss the sensitivity of a 100 TeV pp collider to heavy particles decaying to top-antitop
(tt¯) final states. This center-of-mass energy, together with an integrated luminosity of 10 ab−1,
can produce heavy particles in the mass range of several tens of teraelectronvolts (TeV). A Monte
Carlo study has been performed using boosted-top techniques to reduce QCD background for the
reconstruction of heavy particles with masses in the range of 8–20 TeV, and various widths. In
particular, we have studied two models that predict heavy states, a model with an extra gauge
boson (Z0′) and with a Kaluza-Klein (KK) excitation of the gluon ( gKK). We estimate the sensitive
values of σ×Br of about 2 (4) fb for Z0′ ( gKK), with a corresponding mass reach of 13 (20) TeV.
PACS numbers: 12.38.Qk, 14.80.Rt
I. INTRODUCTION
The top (t) quark, the highest-mass particle so far ob-
served, may be closely related to new physics beyond the
TeV scale due to possible strong coupling to new, more
massive particles. Therefore, final states containing top
quarks are motivated for exploring physics opportunities
of a 100 TeV proton-proton collider, which is capable of
producing exotic particles with masses close to or above
10 TeV. Due to the significant Lorentz boost from such
massive resonance decays, the top-quark decay products
often overlap partially or completely. Such decay prod-
ucts cannot be reconstructed as separate objects using
“resolved” techniques which identify individual objects
as jets (from the hadronisation of quarks) or high-pT lep-
tons.
This study focuses on searches for new, heavy particles
that decay to tt¯, a generic consequence of many Beyond-
the-Standard Model (SM) theories. For example, the ex-
istence of such particles was discussed in the framework
of a generic Randall-Sundrum model [1]. This model pre-
dicts a number of heavy particles, such as an extra gauge
boson (see the review [2]) or Kaluza-Klein (KK) excita-
tions of the gluon [3]. In the following, we denote such
particles with the symbols Z0′ or gKK, respectively. We
will discuss the simulation of Z0′/ gKK processes in the
following sections.
Jet substructure and jet shapes are often discussed as
useful tools to distinguish events produced by the stan-
dard QCD processes from those containing jets arising
from decays of multi-TeV particles. Such methods have
been employed by the LHC experiments to increase sen-
sitivity to high-mass states decaying to tt¯ [4, 5]. There
is a diverse phenomenology of such approaches [3, 6–21].
A comparison of these techniques has been performed by
both LHC experiments [22, 23] and is outside the scope
of this paper.
The goal of this paper is to understand the physics
reach for heavy particles decaying to tt¯ that may be pro-
duced at a 100 TeV pp collider, assuming an integrated
luminosity of 10 ab−1. As mentioned above, the identi-
fication of such particles is challenging due to the large
boost of the top quarks, making signal events almost in-
distinguishable from SM two-jet events such as QCD dijet
and W/Z processes.
The production cross section of the heavy particle is
model-dependent. For a given model, higher-order QCD
corrections to the production cross section can be as large
as 100% [26]. Therefore, our focus is to extract the sen-
sitivity to a generic heavy particle decaying to tt¯ using
boosted techniques, and to illustrate limitations that can
be faced in the 20 TeV mass region.
This analysis uses all decay channels for top quarks.
In the case of the leptonic decay of one top (or anti-top)
quark, we will correct for the missing neutrino as ex-
plained in Sect. III. The contribution from fully-leptonic
decays of both quarks can be ignored since such events
typically do not pass the selection requirements.
An example of the decay Z0′ → tt¯ is shown in Fig. 1.
It shows two jets with transverse momenta above 3 TeV
that originate from boosted top (anti-top) quarks. The
mass of the Z0′ boson was set to 10 TeV. The event
display was created using the Delphes fast simulation
[27] and the Snowmass detector setup [28]. The event,
generated with the Pythia8 Monte Carlo generator [29],
was taken from the HepSim repository [30]. The figure
illustrates that both top jets can be reconstructed using
the anti-kT algorithm [24] with a distance parameter of
0.5. A complete color version of this event is shown in
the Appendix.
This study is performed without simulation of the de-
tector response. The inclusion of a realistic detector
simulation is an important component for future stud-
ies. The only assumption is the b-tagging performance
that will be discussed below. Since this is one of the
most important discriminating variables, we believe that
the inclusion of a realistic MC simulation with a similar
b-tagging performance (efficiency and mistag rates) will
2FIG. 1. An event display of a typical Z0′(M = 10 TeV) decay
to tt¯ at a 100 TeV pp collider. Two jets with transverse mo-
menta above 3 TeV are shown with the dark blue cones. The
jets are reconstructed using the anti-kT algorithm [24] with
a distance parameter of 0.5 using the FastJet package [25].
Yellow lines show charged hadrons and light-blue lines show
contributions from electrons.
not change significantly the results of this analysis.
II. MONTE CARLO SIMULATIONS
The analysis was performed using the Pythia8 [29],
Herwig++ [31] and Madgraph5 [32] MC models with
the default parameter settings. The MSTW2008lo68cl
[33] parton density function (PDF) set was used.
The SM tt¯ predictions were performed at next-to-
leading order (NLO) in QCD with the Madgraph5 pro-
gram. The transverse momenta (pT ) of the top quarks
were required to be pT > 2.5 TeV to increase the effi-
ciency for event generation. The tt¯ cross sections were
calculated at leading-order (LO). We have found that
the ratio of the NLO to LO cross sections is a factor
∼ 3 for pT (t) > 2.5 TeV. This relatively large “k-factor”
for high-pT top-quark events was independently checked
using other calculations [34].
Dijet QCD background was simulated with
Pythia8 [29]. This model is used to generate all
2 → 2 quark and gluon processes, including b-quark
pair production, except for tt¯ production. The MC
inclusive-jet cross section was scaled to match the NLO
prediction estimated with the NLOjet++ program
[35, 36] and the MSTW2008nlo68cl PDF set [33]. The
estimated k-factor used to multiply the Pythia8 (or
Herwig++) cross section is 1.23.
The Herwig++ [31] generator is used to cross-check
the Pythia8 background sample. Herwig++ includes
a simulation of softW/Z boson radiation within the par-
ton shower, thus this generator provides an alternate
event sample for background processes.
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FIG. 2. Inclusive jet cross sections as a function of the leading
jet pT for several MC simulations used in this analysis.
Pythia8 is also used to produce event samples with
W - and Z-boson processes. They include double-boson
production and W/Z+jet production calculated using
LO QCD. After signal selection, contributions from these
background processes are negligible. Therefore, we did
not attempt to use simulations of multi-parton hard pro-
cesses included in Alpgen [37] or Blackhat [38], that
typically lead to larger cross sections.
Events with heavy particles decaying to tt¯ were gen-
erated using two models: a model of an extra gauge bo-
son, Z0′, and a Randall-Sundrum Kaluza-Klein gluon,
gKK. Z
0′ boson events were generated using the pure
qq¯ → Z0′ production process (i.e. ignoring interference
with SM processes) calculated using LO QCD as imple-
mented in Pythia8. The detailed description of such
models and their default parameters can be found in the
Pythia8 manual [29]. The KK gluons are simulated us-
ing the model in Ref. [39], with the process qq¯ → gKK
and also ignoring interference terms with SM processes.
Although the models generate the boosted tt¯ topology
similarly, the decay widths and the production rates of
Z0′ and gKK are different. The width of the Z
0′ boson
was set to Γ/M = 3%, while the width of gKK is sub-
stantially larger, Γ/M = 16%. The gKK production rate
3is more than a factor of ten larger than that of Z0′ boson.
The production rates of Z0′ and gKK were calculated
using LO QCD as NLO corrections are not known. Re-
cently, it was shown that NLO contributions to Z0′ pro-
duction can be as large as 100% for certain models and
masses [26]. In the following, we multiply the Z0′ cross
section by 1.3 as was done at lower-energy colliders, in
order to maintain consistency with previous studies.
All Monte Carlo samples used in this study are avail-
able from the HepSim public repository [30] that stores
theoretical predictions in the ProMC file format [40, 41].
The samples were analyzed with a C++/ROOT pro-
gram [42]. To illustrate the scale of the computation, the
largest MC dataset analysed from Hepsim was the dijet
background sample with 0.4 billion pp collision events.
The jets were reconstructed with the anti-kT algorithm
[24] with a distance parameter of 0.5 using the FastJet
package [25]. Jets are selected using the requirements
pT (jet) > 2.8 TeV and |η(jet)| < 3. For jet clustering,
stable particles are selected if their mean lifetimes are
larger than 3 · 10−11 seconds. Neutrinos are excluded
from consideration in jet clustering.
As discussed above, no simulation of the detector re-
sponse was applied. This analysis focuses on the poten-
tial of a future proton collider at 100 TeV, taking into ac-
count limitations arising from statistics, approximate SM
background rates, and the effect of background-rejection
methods. The performance of b-tagging is assumed to
be similar to the LHC experiments at lower b-quark mo-
menta. A detailed detector geometry requires significant
studies that are beyond the scope of this analysis. The
study presented here can be useful for informing the de-
sign of detectors and for model builders.
Figure 2 shows the inclusive jet cross sections at NLO
and LO for SM (“background”) processes. Since the pre-
dictions of Pythia8 and Herwig++ are similar, only
Pythia8 is shown, which is also used to estimate the
QCD dijet background. The Pythia8 cross section was
scaled by the k-factor of 1.23 using NLOjet++ as ex-
plained above. We use the tt¯ cross section calculated at
NLO QCD as discussed above. Note that there is a large
difference between the LO and NLO calculations shown
in Figure 2, which explains the large k-factor discussed
earlier.
III. DIJET MASS DISTRIBUTIONS
This analysis uses dijet mass distributions to extract
the sensitivity to tt¯ resonances above 8 TeV. The decay
products of top quarks from such resonances are well-
contained within the jets, assuming the jet distance pa-
rameter R = 0.5 [43].
The dijet invariant-mass distribution is an obvious
choice for searches for tt¯ resonances using the traditional
“bump hunt” procedure. The major backgrounds arise
due to QCD dijet production, SM tt¯ production, and
W/Z production. The QCD dijet production includes all
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FIG. 3. Distributions of dijet mass at a 100 TeV collider
for 10 ab−1 for background processes, together with expected
Z0′ → tt¯ signals generated at different masses. All SM pre-
dictions are shown as the stacked histogram. The white his-
togram is dominated by light-flavor dijet events from Pythia.
The signal predictions (shown with the blue lines) for Z0′ → tt¯
are generated at LO QCD and scaled by the NLO-QCD k-
factor of 1.3 as explained in the text.
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FIG. 4. Same as Fig. 3, but with the expectation for the
gKK → tt¯ signal generated at different masses. All SM predic-
tions are shown as the stacked histogram. The signal predic-
tions for gKK are performed using LO QCD (the blue lines).
2→ 2 light-flavor quark and gluon processes and prompt
b-quark pair production.
In the case of fully hadronic decays, the reconstruc-
tion of two top-jets from Z0′/ gKK decays will lead to a
bump in the dijet invariant-mass distribution near the
nominal mass. When both top (anti-top) quarks decay
hadronically, we expect two back-to-back jets that con-
tain decay products of each quark. When one top quark
decays leptonically, there is an imbalance in the jet pT ’s
due to the unmeasured neutrino. To take into account
the missing pT for the reconstruction of the tt¯ invariant
4mass, we add the missing pT to the pT of sub-leading jet.
This ad hoc method improves the di-top mass resolution
for semi-leptonic tt¯ decays.
Figures 3 and 4 show the dijet invariant mass distri-
butions for SM and BSM heavy particle processes, Z0′
and gKK, generated with different masses. The blue
line shows the Z0′/ gKK → tt¯ contributions where the
heavy particles were generated with masses ranging from
8 to 20 TeV. As expected, the Z0′ and gKK signals have
a Gaussian-like shape corresponding to fully-merged de-
cays of top quarks. The dijet-mass distribution is dom-
inated by the SM light-flavor dijet processes, therefore,
an observation of a bump with the Z0′/ gKK cross section
is extremely challenging.
Figure 5 shows the theoretical cross sections (σ) times
the branching ratio (Br) for the Z0′ → tt¯ ( gKK → tt¯)
process as a function of resonance mass. Also shown is
the value of the σ×Br needed, at each resonance mass,
for excluding the background-only hypothesis at the 95%
confidence level (CL). This “2σ evidence” value of σ×Br
for the signal is calculated using the CLb method as im-
plemented in the MClimit program [44] and includes
statistical uncertainties on background and signal. For a
counting experiment, CLb specifies the probability that
the generated number of events from the background-
only hypothesis is smaller than or equal to the observed
number, CLb = Pb(N ≤ Nobs). In the presence of
signal, poor compatibility of the observation with the
background-only hypothesis is indicated by CLb being
close to one. The “2σ” sensitivity values shown in Fig. 5
represent the signal σ× Br for which the background-only
hypothesis is excluded at the 95% CL (i.e. CLb > 0.95).
It can be seen that the experimental signal sensitivity
is substantially worse than the σ×Br for the Z0′ model.
Figure 5 shows that the gKK signal can be observed at
2σ for masses below 10 TeV, given the large signal statis-
tics in this region. However, the signal-over-background
(S/B) ratio in this mass region is only 0.2%, thus system-
atic uncertainties should be understood below this level
in order to observe the gKK signal. For realistic mea-
surements, such a level of systematic precision is difficult
to achieve.
Figure 6 illustrates the scenario needed to exclude
the background-only hypothesis with 95% confidence, by
scaling the Z0′ signal by a factor that is needed for such
exclusion. As before, no requirements to reduce the QCD
background are made. This figure shows that even if the
Z0′ cross section is scaled by a factor of 4, the signal-
over-background ratio near 10 TeV is only 0.3%, thus an
observation of such a state will require understanding of
systematic uncertainties below this level. Experimental
realization of such systematic precision is very challeng-
ing.
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FIG. 6. An illustration of a 2σ “evidence” scenario assuming
a Z0′ boson with the mass of 10 TeV. The Z0′ cross sec-
tion was scaled by the factor of 4 in order to exclude the
background-only hypothesis with 95% confidence. Similar to
Fig. 3, all background histograms are stacked. The scaled
signal histogram is shown separately and also added to the
stack.
IV. DISCRIMINATING VARIABLES
In order to reduce QCD background and increase sen-
sitivity to a tt¯ resonance, we apply several requirements
based on jet mass, sub-jet information and b-tagging.
Figure 7 shows the jet masses for background and
Z0′ → tt¯ processes. The signal and SM tt¯ processes show
a peak near 170 GeV, indicating the complete contain-
ment of top-quark decay products within R = 0.5 jets
given the pT (t) > 2.5 TeV requirement.
5An important part of any analysis that requires re-
construction of top quarks is b-tagging. We assume 70%
b-tagging efficiency, 10% fake rate for c-quark jets and
1% fake rate for light-quark (and gluon) jets, similar to
that discussed for Snowmass studies [45]. This choice
is motivated by the performance of high-momentum b-
tagging (pT (b) > 200 GeV) at the LHC experiments.
The b-jet is accepted as a boosted-top candidate if a b-
quark, matched to a jet, has the transverse momentum
0.2 · pT (jet) < pT (b) < 0.9 · pT (jet). The motivation for
this cut is illustrated in Fig. 9, which shows that b-quarks
in the parton showers initiated by light-flavor jets are sig-
nificantly softer than b-quarks from top decays, while the
ratio pT (b)/pT (jet) exceeds unity for prompt b-quarks.
Figure 8 shows the fractions of jets that have zero and
one b-tag. The fraction of jets tagged as b-jets is less
than 70% for tt¯ due to the pT requirements and other
inefficiencies of b-jet selection.
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FIG. 7. Distributions of the leading-jet mass for different
processes at a 100 TeV collider. All background histograms
are stacked. The QCD background shown with the white his-
togram is dominated by light-flavor dijet events from Pythia.
The N -subjettiness characteristics [13, 17], τN , of jets
has been proposed as a class of variables with which to
study the decay products of a heavy particle inside jets.
τN is a measure of the degree to which a jet can be con-
sidered as being composed of N kT -subjets [17]. Small
values of τN correspond to the presence of N or fewer
subjets, while large values of τN correspond to > N sub-
jets. The variable τ32, defined as the ratio of the N -
subjettiness variables τ3/τ2, is particularly sensitive to
hadronically-decaying top-quark initiated jets. The vari-
able, τ21 ≡ τ2/τ1 can be used to reject background from
W/Z decays. These variables do not strongly correlate
with jet mass and can provide an independent check for
the presence of top quarks. The jet substructure vari-
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ables were obtained by re-running the kT algorithm over
the jet constituents of anti-kT jets.
Figures 10 and 11 show the distributions of the τ21
and τ32 variables for the Z
0′ signal and SM background
processes. These figures show that cutting on these vari-
ables yields good separation between the signal and the
backgrounds.
The jet kT splitting scales [46] can be defined as dis-
tance measures used to form jets by the kT recombina-
tion algorithm [47, 48]. This has been extensively stud-
ied in Ref. [49]. The distribution of the splitting scale
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FIG. 10. Distribution of τ21 for the leading jet, for Z
0′ → tt¯
and for major SM processes representing background for the
tt¯ decay channel.
32τ
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ev
en
ts
 / 
To
ta
l
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
-1
 L dt =  10 ab∫
=100 TeVspp PYTHIA QCD
PYTHIA W/Z+jets
tMG5 NLO t
tZ’(10 TeV) to t
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tt¯ decay channel.
√
d12 = min(p
1
T
, p2
T
)× δR12 [49] at the final stage of the
kT clustering, where two subjets are merged into the fi-
nal one, is shown in Fig. 12. One can see that the QCD
background can be reduced by requiring
√
d12 > 50 GeV.
The jet-shape approach based on jet eccentricity [18] is
another method that has potential to reduce QCD back-
ground processes. The jet eccentricity is less sensitive to
jet substructure as no attempt is made to resolve kine-
matic characteristics of separate subjets inside jets. Fig-
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FIG. 12. Distribution of
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and for major SM processes representing background for the
tt¯ decay channel.
ure 13 shows the jet eccentricity (ECC) for leading jets,
without applying other cuts to enhance the Z0′ signal. It
can be seen that the eccentricity cut at 0.9 rejects some
QCD-dijet and W/Z background.
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FIG. 13. Eccentricity [18] distribution of the leading jet for
Z0′ → tt¯ and major SM processes representing background
for the tt¯ decay channel.
We also consider the effective radius (Reff) of the lead-
ing jet. The effective radius is the average of the energy
weighted radial distance in η−φ space of jet constituents.
Jets with only soft splitting are most energetic along the
jet axis compared to jets with decays from heavy particles
7which have an intrinsic kT related to the decay particle’s
mass. The distribution of the effective radius for Z0′ → tt¯
and background processes is shown in Fig. 14. This fig-
ure shows a good separation power of Reff to reject QCD
background.
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FIG. 14. Jet effective radius of the leading jet for Z0′ → tt¯
and major SM processes representing background for the tt¯
decay channel.
As a check of these discriminating variables using an
alternate QCD background generator, Pythia8 was re-
placed with theHerwig++ generator for dijet QCD pro-
cesses. The latter contains an alternative parton shower
and hadronisation model. In particular, Herwig++ in-
cludes the production of W/Z bosons inside the parton
shower, which has the potential to be an irreducible back-
ground for the substructure and jet-shape variables. We
have found that all the conclusions on background reduc-
tion obtained with Pythia8 still hold with Herwig++.
Finally, tt¯ production is characterized by the presence
of high-pT leptons in the case of leptonic W decays. As
example, Figure 15 shows the transverse momentum of
the highest-pT muon opposite to the leading jet, where
the latter is typically due to fully-hadronic top decays.
A selection cut at 1 − 1.5 TeV can be applied to reject
the SM background. However, such a cut substantially
reduces the statistics.
The event shapes discussed above have certain degrees
of correlations. The correlations can be studied in terms
of the correlation coefficient, ρ, that represents a degree
of linear dependence between two variables. The corre-
lation coefficient varies from -1 (perfect negative corre-
lation) to +1 (perfect positive correlation). The largest
positive correlation of ρ = 0.66 was observed between
jet masses and the splitting scale
√
d12. Jet mass also
correlates with Reff and the eccentricity (ρ = 0.4). The
correlation between τ32 and
√
d12 is ρ = −0.35. Other
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FIG. 15. Transverse-momentum distribution of muons lead-
ing in pT , in the hemisphere opposite the leading jet. The
background histograms are stacked.
variables typically have correlations with |ρ| < 0.3.
Figure 16 illustrates the rejection factor for QCD back-
ground events as a function of the efficiency of top-quark
reconstruction. It can be seen that cuts on the jet masses
and Reff are not very effective in rejection of QCD back-
ground, given their low efficiency in selecting top quarks.
A cut on the muon pT is an attractive option, but it
can only be used for sufficiently large luminosity. The
b-tagging performance is not shown on this plot since
we assume a fixed operating point for the b-tagging effi-
ciency (70%). We will return to the discussion of how to
optimize selection cuts in the following sections.
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FIG. 16. Rejection factor for QCD jets versus the efficiency
of reconstruction of top quarks for different variables used to
select top jets.
8V. TOP JETS
In this section we will illustrate the effectiveness of
using jet substructure variables and b-tagging in select-
ing jets initiated by top quarks. The use of the jet dis-
criminating variables can help to reconstruct individual
“top-tagged jets”, i.e. jets that are consistent with be-
ing initiated by top quarks but do not necessarily arise
from the tt¯ process, as the usual requirement to identify
a second top (anti-top) is not imposed [45, 50]. This can
be crucial to identify high pT SM single-top processes, or
new processes that do not possess the signatures of the
tt¯ event topology such as the decay of new W ′ bosons.
Figure 17 shows the jet masses after b-tagging and the
requirements τ32 < 0.7, 0.3 < τ21 < 0.8 and
√
d12 >
50 GeV on a single jet, without requiring the presence
of a second t(t¯) quark decay. The result shows that the
tt¯ process dominates the 170 GeV jet mass region. The
figure also shows the contribution of top jets from the Z0′
process (multiplied by a factor 10 for better visibility).
The top-quark requirements also select boostedW/Z jets
(their contribution in Fig. 17 is also scaled by 10). The
eccentricity and the effective jet radius were also studied,
but no significant change for Fig. 17 was found due to
their correlations with other variables.
We conclude that selecting single jets using b-tagging
and jet substructure variables is an attractive possibility
for a 100 TeV collider, since such single-jet selection is
sensitive to events beyond the standard tt¯ event topology.
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FIG. 17. Jet masses after b-tagging and the cuts on τ32
and τ21. No requirements on the presence of a second top
(anti)quark were imposed. The contributions of W/Z and
Z0′ processes are multiplied by the factor ten to increase vis-
ibility. All background histograms are stacked.
VI. DIJETS AFTER TOP-QUARK TAGGING
Figure 18 shows the jet masses after single b-tagging
and the cuts M(jet) > 140 GeV, τ32 < 0.7, 0.3 < τ21 <
0.8 and
√
d12 > 50 GeV applied to the leading jet. The
figure shows that the signal-over-background ratio for Z0′
and gKK processes is significantly improved (see Fig. 3
for comparison).
Similarly, Figure 19 shows the dijet-mass distributions
after double b-tagging, i.e. when both jets are required to
pass the b-tagging requirement. It can be seen that the
S/B ratio increases by a factor 130, compared to the case
without cuts shown in Figs. 3 and 4. However, after ap-
plying these selection requirements, there is a substantial
decrease in statistics.
Selection cuts based on jet eccentricity and high-pT
muons were studied, but such cuts did not show large
improvement in the signal-over-background ratio. After
applying the cuts on b-tagging and the jet substructure,
an additional cut on muon pT did not yield significant
further reduction in the SM background.
To illustrate the optimization of the selection cuts, Ta-
bles I and II show the signal-over-background ratios in
the dijet mass window 9–11 TeV for a Z0′ boson with a
nominal mass of 10 TeV. The tables show that b-tagging
has the most significant impact on the S/B. Table II il-
lustrates that one promising option is to use a selection
based on double b-tagging and jet-substructure variables
applied for one jet, which leads to S/B≃ 0.2, while still
retaining good statistics assuming an integrated luminos-
ity of 10 ab−1.
No cuts JS b-tag b-tag+JS b-tag+JS+µ
0.0007 0.0025 0.013 0.025 0.12
TABLE I. The signal-over-background ratios for Z0′ with
the mass 10 TeV for different combination of the selection
cuts. The S/B ratio was calculated in the mass window 9–
11 TeV. The background includes all the SM processes, such
as QCD light-flavor and bb¯, tt¯ and W/Z production. The ab-
breviation ”JS” means a selection based on jet-shape and jet-
substructure variables only, i.e. M(jet) > 140 GeV, τ32 < 0.7,
0.3 < τ21 < 0.8,
√
d12 > 50 GeV. The symbol µ indicates a
requirement of pT (µ) > 1.2 TeV.
No cuts JS2 b-tag b-tag+JS1 b-tag+JS2 b-tag+JS1+µ
0.0007 0.007 0.16 0.19 0.21 0.36
TABLE II. Same as Table I, but the b-tagging and jet sub-
structure requirements are applied to both jets. The abbrevi-
ation ”JS1” indicates the jet substructure cuts for a single jet,
while ”JS2” indicates the application of the jet-substructure
requirements for both jets. Although the S/B ratio is the
largest for the last column, the statistics are not sufficient to
obtain a competitive 95% CL sensitivity compared to other
selections.
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FIG. 18. The distributions of dijet mass after the require-
ments M(jet) > 140 GeV, τ32 < 0.7, 0.3 < τ21 < 0.8,√
d12 > 50 GeV and single b-tagging. No requirements on
the second jet were imposed. The expectation for Z0′ and
gKK processes are shown with the lines. The background his-
tograms are stacked. The QCD background shown with the
white histogram is dominated by light-flavor dijet events from
Pythia.
VII. SIGNAL SENSITIVITY
Figure 20 shows the σ×Br for Z0′/ gKK processes cal-
culated using the Pythia8 generator for pp collisions at
100 TeV. As before, the Z0′ cross section includes the
k−factor. The figure also shows a compilation of exclu-
sion limits for heavy Z0′/ gKK particles decaying to tt¯.
This compilation is based on the studies of a tt¯ reso-
nance in the lepton+jets final state [51]. Other studies
[52] show similar limits. Figure 20 shows the Snowmass
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FIG. 19. Same as Fig. 18, but after the b-tagging requirement
on both jets. No subjet requirements were imposed on the
second jet. The expectations for Z0′ and gKK processes are
shown with the lines. The background histograms are stacked.
studies [53] based on a fast detector simulation (assum-
ing no pileup) [27] for 14 TeV pp collisions. It should be
pointed out that the studies of collisions at 7 and 14 TeV
were done using a combination of boosted and resolved
techniques, since the boost was not as large compared to
the situation discussed in this paper.
The current study extends the sensitivities shown in
Fig. 20 to masses above 8 TeV using “fully-boosted” re-
construction of tt¯ at a 100 TeV pp collider. Figure 21
shows the production cross section and the obtained sen-
sitivities for Z0′/ gKK resonances for a 100 TeV collider
assuming 10 ab−1 of integrated luminosity. We use vari-
ables designed to increase the signal-over-background ra-
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FIG. 20. Pythia8 σ×Br for Z0′/ gKK processes for pp col-
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FIG. 21. A compilation of sensitivities for Z0′ and gKK
bosons decaying to tt¯ at a 100 TeV pp collider using the “fully-
boosted” regime without resolving separate decay products of
top quarks. The calculations for σ×Br were performed using
LO QCD, with a k-factor of 1.3 for Z0′ production assumed
from lower-energy colliders. The sensitivities are given after
the selection M(jet) > 140 GeV, τ32 < 0.7, 0.3 < τ21 < 0.8,√
d12 > 50 GeV and single b-tagging, assuming 10 ab
−1 of
integrated luminosity.
tio as discussed in the previous section and shown in
Fig. 18, i.e. M(jet) > 140 GeV, τ32 < 0.7, 0.3 < τ21 <
0.8,
√
d12 > 50 GeV and single b-tagging. Figure 21 can
directly be compared to the sensitivities shown in Fig. 5,
which were obtained without any selection cuts. Fig-
ure 22 shows the cross sections and the sensitivities after
using double b-tagging as applied for Fig. 19. Table III
shows the values of σ×Br for theory and experimental
sensitivity as a function of resonance mass used in 22. It
can be seen that a 100 TeV collider has the sensitivity for
heavy particles decaying to tt¯, with mass up to 20 TeV.
The best sensitivity is obtained using double b-tagging.
The assumed 10 ab−1 of integrated luminosity is also
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FIG. 22. Same as Fig. 21, but using double b-tagging.
sufficient to be sensitive to a Z0′ boson with mass up to
13 TeV. Using single b-tagging, the sensitivity for gKK
( Z0′) extends to masses of 17 (10) TeV. Note that this
statement is valid for the default Pythia8 model that
calculates the production cross sections using LO QCD
(after assuming the k-factor of 1.3 for Z0′ production).
mass σ×Br (fb)
(TeV) Z0′ (th.) Z0′ (exp.) gKK (th.) gKK (exp.)
8 18.46 7.00 262.3 20.2
10 7.03 3.97
12 3.02 2.54 45.4 7.7
14 1.44 1.75
16 0.73 1.27 12.2 4.7
18 0.39 1.10
20 0.21 0.98 4.2 4.1
TABLE III. Values of σ×Br for theory and experimental sen-
sitivity as a function of resonance mass shown in Fig. 22.
The 95% CL sensitivity estimates for a 100 TeV col-
lider with the integrated luminosity of 10 ab−1 are rather
general, as long as the widths of the tt¯ resonances are
similar to those discussed in this paper. The σ×Br sen-
sitivity is close to 2-4 fb in the mass range 15-20 TeV for
heavy particles with widths similar to Z0′ or gKK. It was
shown that the usage of b-tagging and the boosted-top
techniques can increase the signal-over-background ratio
for heavy states decaying to tt¯ by more than a factor of
two hundred, and increase the sensitivity by a factor 10.
While the “resolved” method [51, 52] for top reconstruc-
tion yields greater improvements with these techniques,
it should be emphasized that we are dealing with an es-
pecially difficult boosted topology when tt¯ events lead to
back-to-back high-pT jets.
It is useful to estimate how the sensitivity would im-
prove with integrated luminosity. Since there is signifi-
cant SM background under the Z0′ and gKK mass peaks,
the sensitivity is expected to scale as S/
√
B which in-
creases as the square root of the integrated luminosity.
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For integrated luminosities of 30 ab−1 and 150 ab−1
respectively, the Z0′ mass reach would increase from
13 TeV to 16 TeV and 19 TeV respectively, using the
selection criteria mentioned in Fig. 22. If the selection
criteria mentioned in Fig. 21 were used, these higher in-
tegrated luminosities would increase the Z0′ mass reach
from 10 TeV to 12 TeV and 16 TeV respectively. With
30 ab−1 of integrated luminosity, the gKK mass reach
would increase from 17 TeV to 19.5 TeV.
VIII. CONCLUSION
The sensitivity to Z0′ and gKK bosons in the mass
range of 8-20 TeV decaying to tt¯ is discussed for a 100
TeV pp collider. It was illustrated how several popular
discriminating variables can be used to reduce the back-
ground for searches for heavy particles decaying to highly
boosted top quarks. The discriminating variables can in-
crease the sensitivity on the σ× Br of Z0′ and gKK bosons
by a factor 10, leading to 95% CL signal sensitivity values
of σ×Br of 2-4 fb depending on the resonance width. The
combined use of b-tagging and jet substructure variables
can increase the signal-over-background ratio for heavy
states decaying to tt¯ by more than a factor two hundred.
This study shows that a 100 TeV collider with an in-
tegrated luminosity of 10 ab−1 can be sensitive to a gKK
resonance with the mass 20 TeV, assuming the LO QCD
cross section for the gKK production. The study indi-
cates that the assumed integrated luminosity is also suf-
ficient to be sensitive to Z0′ → tt¯ decays with mass of
13 TeV, a channel that is very challenging compared to
the di-lepton decays of Z0′ bosons. It is important to
check this conclusion after incorporating a realistic de-
tector simulation. The paper suggests several important
criteria for a future 100 TeV experiment: a highly effi-
cient b-tagging and the capability of resolving substruc-
ture in jets of R = 0.5 with transverse momenta above
3 TeV.
It should be pointed out that the sensitivities pre-
sented in this paper should be considered in a broader
context since they can illustrate the physics reach of a
100 TeV collider to generic heavy particles, assuming
the most essential selection cuts needed to reconstruct
highly-boosted top quarks from tt¯ resonances. These
results can be useful to illustrate the capability of a
100 TeV collider and to develop theoretical models.
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FIG. 23. An event display of a typical Z0′(M=10 TeV) decaying to tt¯ at a 100 TeV collider. Two jets with transverse momenta
above 3 TeV are shown with the yellow cones. The jets are reconstructed using the anti-kT algorithm [24] with a distance
parameter of 0.5 using the FastJet package [25]. The event display was created using the Delphes fast simulation [27],
HepSim [30] and the Snowmass detector setup [28]. The blue lines show charged hadrons and red lines show contributions from
electrons. See the text for details.
